One crucial problem that plants faced during their evolution, particularly during the transition to growth on land, was how to transport water, nutrients, metabolites, and small signaling molecules within a large, multicellular body. As a solution to this problem, land plants developed specific tissues for conducting molecules, called water-conducting cells (WCCs) and food-conducting cells (FCCs). The well-developed WCCs and FCCs in extant plants are the tracheary elements and sieve elements, respectively, which are found in vascular plants. Recent molecular genetic studies revealed that transcriptional networks regulate the differentiation of tracheary and sieve elements, and that the networks governing WCC differentiation are largely conserved among land plant species. In this review, we discuss the molecular evolution of plant conducting cells. By focusing on the evolution of the key transcription factors that regulate vascular cell differentiation, the NAC transcription factor VASCULAR-RELATED NAC-DOMAIN for WCCs and the MYB-coiled-coil (CC)-type transcription factor ALTERED PHLOEM DEVELOPMENT for sieve elements, we describe how land plants evolved molecular systems to produce the specialized cells that function as WCCs and FCCs.
Introduction
The current prosperous biosphere that exists on land started with colonization of the land by early plants in the midPaleozoic era, between ~480 and 360 million years ago. After early diversification, these land plants developed long-distance transport systems for efficient conduction of water and carbohydrates. The constituent elements of these systems are water-conducting cells (WCCs), which conduct water and nutrients, and food-conducting cells (FCCs), which conduct carbohydrates and amino acids (Ligrone et al., 2012; Lucas et al., 2013; Raven, 2003; van Bel, 2003) . The conductive efficiencies of WCCs and FCCs directly influence the viability and productivity of plants and have improved during evolution. One of the most successful conduction systems in land plants is the vascular bundle system, which is composed of xylem and phloem in extant vascular plants.
Xylem is a complex tissue containing tracheary elements, fibers, and parenchyma cells. Water is conducted by the tracheary elements, namely tracheids and/or vessel elements, which are dead cells with lignified and patterned secondary cell walls (SCWs) (Myburg and Sederoff, 2001; Schuetz et al., 2013) . Tracheids are elongated single cells with tapered or pointed ends found in pteridophyte and seed plants. To conduct water efficiently, tracheids are connected through gaps in the SCW, called pits. Xylem vessel elements, which occur mainly in angiosperms, are shorter and wider than tracheid cells. As xylem vessel elements form a series of pipes that are connected through perforated cell ends, the hydraulic efficiency of vessel pipes is much greater than that of the single-celled tracheids (see Fig. 2 ; Myburg and Sederoff, 2001; Sperry, 2003) . Not all cell types within the xylem conduct fluids. For example, xylem fibers, another type of cell with lignified SCWs, provide mechanical support to the plant body, but lack the ability to conduct fluid. Parenchyma cells within the xylem store and/or secrete metabolites, such as starch, lignin monomers, and resins (Myburg and Sederoff, 2001) .
The phloem tissue is also composed of multiple cell types, namely sieve elements, companion cells, fibers, and parenchyma cells. Sieve element cells are elongated and connected to each other through their end walls (called sieve plates) to form sieve tubes. Large pores (called sieve pores) in the sieve plates conduct organic nutrients (Lucas et al., 2013; van Bel, 2003) . During cellular maturation, the nucleus (for sieve elements in angiosperm plants), vacuoles, and most other organelles disintegrate in sieve elements, resulting in living cells with all remaining organelles, such as endoplasmic reticulum, mitochondria, and plastids, anchored to their plasma membrane. Phloem mother cells divide asymmetrically to give rise to sieve elements and companion cells, latter of which are rich in cytoplasm and organelles and contain a large nucleus (see Fig. 2 ; van Bel, 2003; Lucas et al., 2013) . Sieve elements cannot survive without their supporting companion cells, because they lack a nucleus and organelles, and thus have limited cellular activity. Sieve elements and companion cells interact via plasmodesmata (Lucas et al., 2013) .
Recent molecular genetics studies in Arabidopsis thaliana (Arabidopsis) revealed the transcriptional network-based systems governing the differentiation of tracheary elements and sieve elements from vascular stem cells, generally known as procambial and cambial cells (Miyashima et al., 2013; Furuta et al., 2014a; De Rybel et al., 2016) . In this review, we discuss the evolution of conducting cells in plants, with an emphasis on the evolution of the master transcription factors that regulate the differentiation of conducting cells. Specifically, we focus on the NAC transcription factors VASCULAR-RELATED NAC-DOMAIN (VND) and their homologous proteins VNS (VND, NST/SND, SMB-related) for tracheary elements, and the MYB-coiled coil (CC)-type transcription factor ALTERED PHLOEM DEVELOPMENT (APL) for sieve elements. These master regulators can induce the genes involved in programmed cell death and/or cell wall biosynthesis/modification, which are essential events for the differentiation of conducting cells. Especially for WCCs, a great deal of effort has been applied to reveal the evolutionary conservation of the VNS-based transcriptional regulatory network to induce such genes (Nakano et al., 2015) , whereas the information on the APL-related transcriptional regulation scheme for FCC formation is still limited. Based on our current knowledge on the evolutionary conservation and diversity of VNS and APL family proteins, we discuss the evolution of molecular events required for the development of WCCs and FCCs during land plant evolution.
Variety of WCCs and FCCs in living land plant species
Extant land plant species have diverse types of WCCs and FCCs. Figure 1 shows several examples of conducting cells/ tissues in extant land plant species, such as hydroids, the WCCs present in bryophytes (Fig. 1A) , and xylem and phloem of vascular tissues (Fig. 1B-E) . Based on the fossil record, early land plants had simple WCCs with smooth cell walls and pores, similar to the hydroids in extant bryophytes (Ligrone et al., 2000 (Ligrone et al., , 2012 Lucas et al., 2013) . In bryophytes, hydroids are elongated dead cells, which frequently exhibit cell wall modifications, and are often located in the central strands of stem-like tissues (Fig. 1A) and leaf nerves. Hydroids in the stems of the moss Physcomitrella patens are shown in Fig. 1A , F, and K. In the case of P. patens, the cell walls of the hydroids are not thickened or perforated (Ligrone et al., 2000; Xu et al., 2014) ; in contrast, several liverworts possess perforated hydroids (Ligrone et al., 2000) . Some moss species (the Polytrichales) have cells similar to protophloem sieve elements (called leptoids) in addition to hydroids (Thomas et al., 1988) . Leptoids show cytoplasmic polarization, loss of large vacuoles, and frequent plasmodesmata in end walls (Ligrone et al., 2000) , indicating that organic nutrients can be transported preferentially through leptoids. However, detailed observations of WCCs and FCCs in bryophytes showed that the hydroids and leptoids of extant bryophyte species have diverse cytological features, suggesting that the developmental programs for WCCs and FCCs have been polygenically acquired within the bryophyte lineage (Ligrone et al., 2000) .
Hydroids in bryophytes have specific cell wall modifications, like the tracheary elements in vascular plants (also called tracheophytes; Fig. 2A ; Ligrone et al., 2000) . However, lignified and patterned SCWs are deposited in tracheary elements during cell differentiation, as indicated by staining with safranin, which dyes lignin red ( Fig. 1B-E , G-J). Lignin, a polyphenolic polymer, physically strengthens the walls of the WCCs, enhancing their transport activity and providing the support needed for vertical plant growth. This added support allowed early tracheophytes to increase their body sizes and dominate terrestrial habitats (Ligrone et al., 2012; Lucas et al., 2013) .
In addition to exhibiting lignified WCCs, tracheophytes also possess a vascular bundle system, consisting of xylem containing tracheary elements ( Fig. 2A ) and phloem containing sieve elements (Fig. 2B ) in close proximity. Although the positional arrangements of xylem and phloem within vascular bundles vary by species (Fig. 1B-E ), xylem and phloem basically occur as a set of vascular structures. This suggests that WCCs and FCCs share a common developmental program, at least partly, in tracheophytes; indeed, xylem and phloem cells are generated from procambial and/or cambial cells (Miyashima et al., 2013; Furuta et al., 2014a; De Rybel et al., 2016) . Recently, (pro)cambial cells were proposed to be stem cells (i.e. self-renewing cells that give rise to daughter cells that can differentiate into a wide range of cell types; Miyashima et al., 2013) . In typical vascular bundles, (pro)cambial cells are located between xylem and phloem tissues, and provide precursors for both xylem and phloem cells. Thus, to decipher the evolution of WCCs and FCCs in land plants, it is important to understand the molecular basis of vascular cell differentiation.
Transcriptional network-based system for vascular cell differentiation in Arabidopsis
Recent advances in molecular genetics in Arabidopsis have revealed many molecules involved in vascular cell differentiation. Many classes of transcription factors have been reported to function in vascular cell formation (Lucas et al., 2013; Miyashima et al., 2013; Furuta et al., 2014a; De Rybel et al., 2016) . Vascular cells form from vascular stem cells, and this process is regulated by auxin and transcription factors that mediate auxin signaling, namely AUXIN/INDOLEACETIC ACID (Aux/IAA) and AUXIN RESPONSE FACTOR (ARF) proteins. Auxin signaling in provascular regions activates the expression of AtHB8, which encodes a class III HOMEODOMAIN LEUCINE-ZIPPER (HD-ZIP III) transcription factor that functions as an important positive regulator of cambium activity (Baima et al., 2001) . The proliferation of (pro)cambial cells is regulated by specific kinds of transcription factors, including WUSCHEL-RELATED HOMEOBOX4 (WOX4) and WOX14, which are required for the maintenance of the stem cell population in the cambium (Hirakawa et al., 2010; Etchells et al., 2013) . This proliferation is controlled by signal peptide-based cellcell communication (Hirakawa et al., 2008; Etchells and Turner, 2010) . The periclinal cell divisions that regulate the width of vascular bundles is controlled by a heterodimer of the basic helix-loop-helix (bHLH) transcription factor TARGETS OF MONOPTEROS5 (TMO5)/bHLH32 and LONESOME HIGHWAY (LHW)/bHLH156 (Ohashi-Ito and Bergmann, 2007; De Rybel et al., 2013) . Recent work showed that the bHLH transcription factor SAC51-LIKE (SACL) regulates the activity of the TMO5-LHW heterodimer, and that SACL is activated by thermospermine. Xylemspecific thermospermine synthase ACAULIS5 catalyzes the synthesis of thermospermine. SACL can interact with TMO5 to antagonize LHW function and inhibit the formation of TMO-LHW heterodimers. This suggests that a bHLH-based feedback loop regulates the diameter of the vascular bundle (Katayama et al., 2015; Vera-Sirera et al., 2015) .
The progeny of cambial cells differentiate into the precursors of xylem cells or phloem cells, but the molecular basis of fate determination of vascular cells is still not fully understood. However, several lines of evidence suggest that cell fate determination is modulated by the antagonistic action of xylem precursors and phloem precursors. The finding that the altered phloem development (apl) mutant, which lacks a functional form of the MYB-CC-type transcription factor APL (Bonke et al., 2003) , does not produce sieve elements and companion cells suggests that APL is a master regulator of phloem development ( Fig. 2D ; Bonke et al., 2003) . Furthermore, the observation that apl mutants produce xylem vessel-like cells at positions where phloem cells normally occur (Bonke et al., 2003) suggests that APL inhibits xylem cell fate, in addition to inducing phloem cell differentiation (Bonke et al., 2003; Miyashima et al., 2013; Furuta et al., 2014a) .
After cell fate determination, cell differentiation ensues. The NAC transcription factors VASCULAR-RELATED NAC-DOMAIN1 (VND1) to VND7 trigger xylem vessel cell differentiation in Arabidopsis ( Fig. 2C ; Kubo et al., 2005; Yamaguchi et al., 2008; Endo et al., 2015) . Overexpression of VND genes induces ectopic formation of xylem vessel cells; that is, patterned SCW deposition and programmed cell death ( Fig. 2A, C) , indicating that the VND proteins can induce the whole program of WCC differentiation (Kubo et al., 2005; Zhou et al., 2014; Endo et al., 2015; Nakano et al., 2015) . Indeed, studies aiming to identify the direct target genes of VND showed that VND proteins can activate genes involved in SCW formation and programmed cell death ( Fig. 3A ; Ohashi-Ito et al., 2010; Zhong et al., 2010a; Yamaguchi et al., 2011) . In addition, genes encoding several transcription factors were found to be directly regulated by VND proteins, the most prominent of which were MYB Fig. 3 . Gene Ontology term analysis of the sets of genes downstream of VNS and APL in Arabidopsis. (A) The list of proteins downstream of VNS (VND, NST, and SMB related) was generated from data described in Ohashi-Ito et al. (2010) , Zhong et al. (2010a) , and Yamaguchi et al. (2011) , and subjected to analysis. (B) The list of proteins downstream of APL was generated based on microarray data of wild-type and apl mutant plants described in Furuta et al. (2014a) . Node size reflects the number of genes belonging to the category. Colored nodes represent GO terms that are significantly overrepresented (corrected P-value <0.05), and the color scale indicates increasingly higher statistical significance.
transcription factors, including MYB46 and MYB83, which are key regulators of SCW biosynthesis (Zhong et al., 2007; Ko et al., 2009; McCarthy et al., 2009; Grima-Pettenati et al., 2012; Nakano et al., 2015) . Recently, comparative genomics and molecular biological studies on a wide range of plant species strongly suggested that the NAC-MYB-based transcriptional network underlying WCC formation has been evolutionarily conserved among land plant species (Xu et al., 2014; Nakano et al., 2015) . Because NAC transcription factors that are closely related to VND proteins-NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1), NST2, and NST3/SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1)/ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN012 (ANAC012) (Mitsuda et al., 2005 (Mitsuda et al., , 2007 Zhong et al., 2006) , SOMBRERO (SMB), BEARSKIN1 (BRN1), and BRN2 (Willemsen et al., 2008; Bennett et al., 2010) -can induce ectopic differentiation of xylem vessel cells or xylem vessel-like cells with thickened SCWs, the NAC protein subfamily, including VND, NST, SMB, and BRN of Arabidopsis, has been collectively termed the VNS (VND, NST/SND, SMB-related protein) family (Ohtani et al., 2011; Xu et al., 2014; Nakano et al., 2015) .
Since differentiating xylem vessel cells will finally undergo programmed cell death, VNS expression should be tightly regulated to avoid unexpected cell death. Indeed, several transcription factors control the expression of VND genes in Arabidopsis, including REV, a member of the Class III HD-Zip proteins, which regulates vascular cell differentiation (Talbert et al., 1995; Carlsbecker et al., 2010; Miyashima et al., 2011; Endo et al., 2015) , GATA family members (GATA5 and GATA12), and other NAC proteins (ANAC075 and SND2) . In addition, overexpression of LBD18/ASL20 and LBD30/ASL19 can induce ectopic SCW deposition in various cell types through up-regulating VND6 and VND7 expression (Soyano et al., 2008) . In contrast, LBD18/ASL20 and LBD30/ASL19 expression is up-regulated by auxin and VND6 and VND7 (Soyano et al., 2008) , and LBD30/ASL19 and its related gene, LBD15/ASL11, are also direct targets of VND6 and/or VND7 (Ohashi-Ito et al., 2010; Zhong et al., 2010a; Yamaguchi et al., 2011) . Thus, once the precursor cells initiate xylem vessel cell differentiation, an auxin-mediated positive feedback loop involving these LBD/ ASL transcription factors efficiently up-regulates VND activity in Arabidopsis.
In sieve elements, the MYB-CC transcription factor APL acts as the key regulator of the initiation of cell differentiation, as described above ( Fig. 2D ; Bonke et al., 2003) . During sieve element differentiation, cells undergo cell wall modification and lose organelles, including the vacuole and nucleus (Lucas et al., 2013; Furuta et al., 2014a, b) . Unfortunately, in comparison with xylem vessel cell differentiation, the molecular mechanisms driving sieve element differentiation are poorly understood. AtNAC45 and AtNAC86 have been shown to promote nuclear breakdown under the control of APL, through up-regulating the exonuclease-domain protein NAC45/86 DEPENDENT EXONUCLEASE-DOMAIN PROTEIN1 (Furuta et al., 2014b) . Although a transcriptome analysis suggested that the expression of many transcription factor genes is affected in the apl mutants ( Fig. 3B ; Bonke et al., 2003 ; details discussed below), further studies are needed to identify the remaining members of the transcriptional network regulating phloem cell development.
Two key cellular processes for differentiation of conducting cells: cell wall modification and programmed cell death Water-soluble molecules are conducted through plant cells via apoplastic and symplastic routes. In apoplastic transport, water moves through the extracellular spaces and cell wall regions; in symplastic transport, water travels through the cytoplasmic regions of cells, which are connected to each other by plasmodesmata to form a continuous system. Apoplastic transport is a passive and fast means of water absorption, whereas symplastic transport is an active process that is relatively slow. For plant species with relatively small and simple body plans, such as bryophytes, apoplastic transport alone is sufficient to support cellular activity throughout the plant (Sperry, 2003) . During land plant evolution, the increases in size and complexity of plant bodies were accompanied by the development of more effective and active symplastic transport systems, namely WCCs and FCCs.
The emergence of cells specialized for symplastic conduction of water and food can be viewed as the development of molecular programs that regulated two key cytological features of conducting cells, namely cell wall modification and programmed cell death. Cell wall modifications, especially those that permit pores to form between neighboring cells, are essential for the formation of continuous symplastic spaces (Raven, 2003; van Bel, 2003; Lucas et al., 2013) , and clearance of cellular contents by programmed cell death greatly increased the cell's conductive activity (Sperry, 2003) . As mentioned above, the master regulators of xylem vessel cell formation and sieve element formation, VND and APL, respectively, regulate the expression of genes involved in both of these events during cell differentiation ( Fig. 2C, D ; Bonke et al., 2003; Kubo et al., 2005) .
We subjected the putative downstream targets of VNS ( Fig. 3A ; the gene list was generated from data described in Ohashi-Ito et al., 2010; Zhong et al., 2010a; Yamaguchi et al., 2011) and of APL ( Fig. 3B ; the gene list was generated from data described in Furuta et al., 2014b) to Gene Ontology (GO) term analysis, using the GO slim engine (Ashburner et al., 2000; Gene Ontology Consortium, 2015) . In both gene lists, genes with the following GO terms related to cell wall metabolism were significantly enriched: 'external encapsulating structure', 'cell wall', and 'membrane' for the 'cell' category, 'catalytic activity' and 'transferase activity' for the 'molecular function' category, and 'carbohydrate metabolic process' for the 'biological process' category. The GO term analysis did not show significant enrichment of cell death-related genes (Fig. 3) ; however, genes encoding several key enzymes that mediate programmed cell death (and related events, such as nuclear breakdown) are regulated by VNS in xylem and by the NAC proteins, which are regulated by APL, in phloem (Ohashi-Ito et al, 2010; Zhong et al., 2010a; Yamaguchi et al, 2011; Furuta et al., 2014b) . Taken together, these observations indicate that one of the critical roles of VNS and APL, the master regulators of differentiation of conducting cells, is the transcriptional activation of genes involved in cell wall metabolism and programmed cell death.
Evolution of master regulatory transcription factors for differentiation of conducting cells
The success of molecular biological studies of the transcriptional networks underlying plant conducting cell formation in Arabidopsis prompted further questions as to whether these networks are conserved among land plant species. It was reported that xylem transcriptomes are more highly conserved than the total transcriptomes (Li et al., 2010) , suggesting that at least within the vascular plant lineage, a common ancestral xylem transcriptome could be expected. This possibility prompts two more questions. Can we explain the evolutionary transition of plant conducting cells by the transition of transcriptional networks? Did the acquisition of WCCs and FCCs coincide with the development of the ancestral genes of the master regulatory transcription factors for tracheary elements and sieve elements, namely VNS and APL?
Comparative genomics and transcriptome studies based on recently developed DNA sequencing technology provided the first clues as to the evolution of transcription factors. The VNS proteins are members of the NAC domain transcription factor family. Members of this family have a highly conserved N-terminal NAC domain that has been implicated in nuclear localization, DNA binding, and homo-and/or heterodimer formation with other NAC domain proteins (Olsen et al., 2005) . NAC transcription factors consist of a large gene family with >100 members in Arabidopsis (Ooka et al., 2003) , Oryza sativa (Ooka et al., 2003; Nuruzzaman et al., 2010) , Populus trichocarpa (Hu et al., 2010) , and Eucalyptus grandis (Hussey et al., 2015) . Although the NACs were once thought to be specific to land plants, expanded transcriptome data showed that some charophytes also possess NAC proteins (Fig. 4) , shifting the origin of NACs back to multicellular aquatic plants. Interestingly, our phylogenetic analysis of NAC proteins shows that the VNS group occurs not only in land plant species, such as Marchantia polymorpha, Physcomitrella patens, Selaginella moellendorffii, Picea abies, Amborella trichopoda, and Arabidopsis, but also in the charophyte green algae Coleochaete orbicularis (Fig. 5) . Therefore, the emergence of the VNS group probably occurred before, or almost simultaneously with, the evolution of early land plant species. Phylogenetic analysis of NAC proteins also suggested that the emergence of CUC, ATAF, and probably also LOV1 subgroups was associated with the emergence of land plants, but the NAC2 subgroup originated before plants colonized land (Fig. 5) .
The evolution of APL and its sister genes is unclear; the APL protein belongs to the MYB-CC transcription factor family (Baranowskij et al., 1994; Rose et al., 1999) , which could also be specific to green plants. As MYB-CC transcription factor genes have been detected in green algae ( Fig.4 ; Rubio et al., 2001) , this gene family arose before the NAC gene family. However, the numbers of MYB-CC family genes did not increase much during plant evolution, in contrast to the NAC family. While we tried to generate a phylogenetic tree of the MYB-CC proteins, the resultant tree did not show any clear phylogeny, probably because of technical problems arising from the short amino acid sequences corresponding to the conserved MYB domain and the CC domain. Rubio et al. (2001) generated a simple phylogram of 18 MYB-CC proteins from Arabidopsis (15 proteins), Nicotiana tabacum (one protein), Mesembryanthemum crystallinum (one protein), and Chlamydomonas reinhardtii (one protein). They found that APL belonged to group II, which was formed only by Fig. 4 . Numbers of NAC domain genes and MYB-CC genes of representative plant species. The numbers of genes for plant species marked by asterisks were obtained from transcriptome data; the numbers of genes for plant species without an asterisk were based on genomic sequence information (for Arabidopsis thaliana, Lamesch et al., 2012;  for Amborella trichopoda, Amborella Genome Project, 2013; for Picea abies, Nystedt et al., 2013;  for Selaginella moellendorffii, Banks et al., 2011; for Physcomitrella patens, Rensing et al., 2008; for Marchantia polymorpha, Matasci et al., 2014; for Nitella mirabilis and Mesostigma viride, Ju et al., 2015;  for Spirogyra pratensis and Coleochaete orbicularis, Timme and Delwiche, 2010;  for Klebsormidium flaccidum, Hori et al., 2014; for Ostreococcus lucimarinus, Palenik et al., 2007;  for Ostreococcus tauri, Derelle et al., 2006;  for Chlamydomonas reinhardtii, Merchant et al., 2007) .
Arabidopsis proteins. This would suggest that APL emerged after land plant lineages diverged (Furuta et al., 2014a) . The group I MYB-CC genes of C. reinhardtii (CrPSR1) and of Arabidopsis (AtPHR1) function in phosphate starvation signaling (Rubio et al., 2001) , and the group II Arabidopsis MYB-CC genes, MYB-RELATED PROTEIN 1 (MYR1) and MYR2, repress flowering and organ elongation under decreased light intensity by regulating the levels of bioactive gibberellic acids (Zhao et al., 2011) . Further information on the molecular functions of MYB-CCs from other plant species, especially of MYB-CC proteins with close similarity to APL, will provide insight into the evolution of APL and its close ancestors.
In contrast, extensive research has been performed on the VNS proteins (Nakano et al., 2015) . This revealed that the ability to induce the expression of genes for SCW biosynthesis and programmed cell death was conserved in the VNS proteins of vascular plants (for poplar, Zhong et al., 2010b; Ohtani et al., 2011; for monocots, Zhong et al., 2011; Valdivia et al., 2013; Yoshida et al., 2013) . A recent study showed that VNS-based transcriptional regulation is also conserved in the hydroid differentiation of the moss P. patens ( Fig. 1 ; Xu et al., 2014) . The P. patens genome has eight VNS genes, and mutations in these genes affect hydroid differentiation. For example, the ppvns4 mutant of P. patens showed no hydroid cell differentiation in the stem and the ppvns1 ppvns6 ppvns7 triple mutant showed defects in hydroids of leaves (Xu et al., 2014) . The defects in hydroid differentiation exhibited by these mutants resulted in wilting under low humidity conditions (Xu et al., 2014) . Transcriptome analysis of P. patens overexpressing PpVNS7 indicated that PpVNS7 regulates many putative orthologs of the direct targets of Arabidopsis VNS, including putative orthologs of MYB46, MYB83, MYB103, the cellulose biosynthesis gene CesA, and the programmed cell death-related peptidase gene XCP (Xu et al., 2014) . Thus, at least the most recent common ancestors of mosses and vascular plants, namely early land plants, had developed the core VNS-MYB-based transcriptional regulatory scheme of cell wall modification and programmed cell death for WCC differentiation.
Taken together, these studies could link an ancient form of conducting cells to the development of a plant-specific transcription factor (i.e. NAC and MYB-CC transcription factors) in early land plants. In addition, during land plant evolution, transcriptional networks based on these transcription factors (and others) were modified to govern the formation of WCCs and FCCs as plants adapted to land environments.
Conclusion and perspectives
Studies of the molecular basis of vascular cell formation have yielded exciting new insights over the last dozen years or so. In this review, we were able to introduce only a subset of these advances, and some key molecules involved in this process remain to be identified. In particular, the modulators of phloem development should be further investigated; these are likely to include many of the transcription factors that act downstream of APL, the master regulator of phloem development (Fig. 3) . Studies conducted to date suggest that APL acts upstream of the cell differentiation program, and the downstream transcription factors could mediate multiple additional steps during phloem cell differentiation (Furuta et al., 2014a; De Rybel et al., 2016) . Recently the possible upstream regulator of APL, ANAC020, was identified through the new in vitro induction system for vascular cell differentiation, called Vascular Cell Induction Culture Fig. 5 . Simplified view of the maximum likelihood tree of NAC proteins. The tree was established with amino acid sequences of the NAC domains of the indicated plant species, as described in Xu et al. (2014) . On the scale, 0.2 represents the estimated number of substitutions per site. The presence of NAC genes for each plant species was indicated (as per symbol designation in the key) for each subgroup.
System Using Arabidopsis Leaves (VISUAL) (Kondo et al., 2016) . Further functional analysis of ANAC20 will shed light on the APL-related transcription regulatory network for FCC formation.
One of the remaining questions pertaining to the evolution of conducting cells is the origin of the molecular program that co-ordinates the development of such specialized cells. It is noteworthy that the ectopic overexpression of PpVNS7 induced programmed cell death in P. patens without causing apparent cell wall modification (Xu et al., 2014) . This fact suggests that the primary function of VNS in early land plants was to induce programmed cell death (Xu et al., 2014) . A VNS homolog is present in the model liverwort M. polymorpha (Figs 4, 5; Xu et al., 2014; Nakano et al., 2015) , which does not have hydroids or leptoids. Thus, further research on the molecular functions of M. polymorpha VNS is needed to clarify the roles of VNS proteins in early land plants. In addition, during land plant evolution, the establishment of a vascular bundle system composed of xylem and phloem should be considered a remarkable invention to enable effective and selective transport of water, nutrients, metabolites, and small signaling molecules, resulting in a large and complex body. How was each transcriptional regulator cobbled together with others to build up such a complex system? Comparative genomics and evolutionary developmental biology studies of multiple plant species situated at key phylogenetic branch points may provide an answer to this intriguing question.
